Abstract: Satellite-based rainfall estimation products provide a vital alternative source of rainfall data in areas where conventional precipitation measurement is not readily available. In order to facilitate the use of these products there is the need to evaluate their accuracies. This study evaluated the accuracy of three satellite rainfall products; TMPA 3B42RT, TMPA 3B42 and CMORPH in the Pra basin (23,330 km 2 ) of Ghana. The evaluation was through the point-to-pixel method by comparing 0.25°x 0.25° satellite grids to gauged rainfall based on gauge locations and analyzed statistically using correlation coefficient (r), bias and percent bias (pBias) as the performance verification methods. Seven (7) gauge stations with no missing data for the period of 2003-2008 was used in the evaluation. The analysis was based on daily, monthly, annual and seasonal timescales. Our results showed a good correlation between the TMPA products and the gauged data on all timescales considered. The CMORPH on the other hand showed huge overestimation at all gauge locations. The TMPA 3B42 was seen to be the best amongst the three products. The overall rainfall in the basin was well depicted by the TMPA 3B42 and 3B42RT. Although there wasn't a perfect match between the 3B42RT and 3B42 products and the gauged rainfall, these products can be used to supplement gauged rainfall measurements in the basin and in estimation of rainfall in ungauged basins with similar characteristics.
Introduction
Rainfall is a vital component of the hydrological cycle. It is an important atmospheric input into land surface hydrologic models. Rainfall gauges provide direct physical measurement of rainfall and accuracy in its measurement is very crucial in the reliability of simulated hydrologic processes. To achieve a satisfactory prediction from rainfall-runoff models, rainfall gauges should be well distributed spatially in the study area. Proper monitoring of rainfall requires a dense rain gauge network which is often not the case in developing countries like Ghana because of low budget allocation to agencies responsible for collecting the meteorological data [1] . Areas with relatively dense gauge network sometimes have large proportion of missing values, unreliability of the records and limited accessibility to available data [2] .
Weather radars can offer a spatial measure of rainfall; however, these are prone to inaccuracies due to complex atmospheric conditions, height of the radar beam, beam blocking and variations in the reflectivity-rainfall rate relationships [3] . Moreover, weather radars are either sparse or nonexistent in developing countries. According to [4] , provision of weather radars in Africa is not a feasible proposition on the grounds of cost, technical infrastructure and topography.
Satellite-based rainfall estimation (SRFE) products provides a potential alternative source of deriving data for hydrological models in regions where conventional rainfall measurement is not readily available or adequate due to their high spatial and temporal resolution. Satellite-based rainfall measurement instruments collect data mainly at thermal infrared (TIR) and passive microwave (PMW) wavelengths which can be used to estimate rainfall rates. The satellite systems have been divided into two; geosynchronous earth orbit (GEO) satellites and low earth orbiting (LEO) satellites 2 of 13 [5] . The GEO satellites makes use of thermal infrared (TIR) sensors which provides excellent depiction of the movement of clouds and weather systems, but their relationship to rain rate is indirect [6] . The GEO satellites have a revisit times of 15-30 min which is very frequent [7] . The LEO satellites have passive and active microwave (MW) sensors which have more direct and physical inference of rainfall but suffers from poor temporal sampling. Many satellite rainfall algorithms have been developed to estimate rainfall by using either IR or MW or a combination of information from the more accurate MW with the more frequent but less accurate IR to take advantage of their strengths.
The Tropical Rainfall Measuring Mission (TRMM) Multisatellite Rainfall Analysis (TMPA) method [8] uses both PMW and TIR. This method creates estimates that contain MW-derived rainfall estimates when and where MW data are available and uses MW data to calibrate the IR-derived estimates when MW data is not available. The TMPA produces two versions of rainfall products; near-real-time version (3B42RT) and the post-real-time research version (3B42). The 3B42 uses monthly rain gauge data for bias adjustment. The CPC Morphing technique (CMORPH) method [9] uses rainfall estimates that have been derived from low orbiter satellite microwave observations exclusively. TIR imagery is not used to estimate rainfall but rather to interpolate between two PMWderived rainfall intensity fields.
Satellite-based rainfall products have their own shortcomings since they are not direct estimates of rainfall. There are variety of error sources such as gaps in revisit times, poor direct relationship between remotely sensed signals and rainfall rate, atmospheric effects that modify the radiation field [7] . It is therefore crucial to evaluate the accuracies of these products and this can be done by direct comparison of the satellite rainfall estimates to the rain gauge data or based on their predictive ability of streamflow rate in a hydrological model. The first method is what is considered in this study. Little work has been done to evaluate the suitability of satellite-based rainfall data in Ghana. [1] studied how TRMM satellite-derived rainfall compares with ground-measured values and the possibility of using it to complement ground-measured rainfall in the Black Volta basin of Ghana.
The Pra basin in Ghana provides a good example of a case where satellite-based rainfall could be very vital. This study, therefore, evaluates how well the TMPA 3B42, TMPA 3B42RT and CMORPH rainfall estimates compares with rain gauged ones in the Pra basin of Ghana.
Materials and Methods

Description of Study Area
The Pra Basin is located between Latitudes 5°N and 7° 30'N, and Longitudes 2° 30'W, and 0° 30'W, in south-central Ghana. The total area of the basin is approximately 23,330 km 2 ( Figure 1 ). The topography is characterized by relatively flat land in the southern half with few peaks in the mid to northern sections of the basin. The highest elevations in the basin are located in the northern sections and the borders of the eastern parts where elevations of up to 800m above sea level are common. Vegetation of the basin is of moist semi-deciduous forest type. Currently, the main land cover types are estimated as follows: Agricultural (60%), forest (30%), grassland and human settlement cover 10%. Some isolated forest reserves and large established commercial tree plantations contribute to the share of the remaining forest [10] . The basin has two wet seasons: the major season from March to July, and a minor season from September to November [11] as cited by [12] . The basin comes strongly under the influence of the moist south-west monsoons during the rainy season which is due to the movement of the Inter Tropical Convergence Zone (ITCZ). The mean annual rainfall is relatively high, about 1,500 mm but is also very variable, ranging between 1300mm and 1900mm. The basin is warm and moist throughout most of the year. Relative humidity is between 70%-80% throughout the year. The average maximum and minimum temperatures are 31°C and 21°C, respectively, for the cooler periods of June-September/October [13] . 
Data Sources and Processing
Gauged Rainfall Data
A gauge-based daily rainfall dataset for the study period of 2003-2008 obtained from the Ghana Meteorological Agency was used as a reference dataset to evaluate the satellite-derived rainfall estimates. The choice of the study period was based on a common time between gauges and the SRFEs where the selected gauges had no missing data. Using a Thiessen polygon analysis of the rain gauge network in and around the Pra basin, 22 gauge stations were found to have an influence on the basin. Of the 22 stations identified some had several years of missing data and others had very short durations. Seven (7) of out of the 22 stations (Table 1) were found to have no missing data for the period under study and was therefore used for the analysis. Locations and distributions of the 7 stations can be seen in Figure 2 . 
Satellite Rainfall Data
This section provides a brief description of the satellite rainfall products considered under this study (Table 2 ) and the source of the data. The TMPA 3B42 and 3B42RT (version 7) have 3-hour temporal resolution and a 0.25° x 0.25° spatial resolution (Figure 2 ) in a global belt extending from latitude 50°S to 50°N. These products are produced by a joint space mission between National Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency (JAXA) designed to monitor and study tropical rainfall. The 3B42RT is the near-real-time experimental version and the 3B42 is the post-real-time research version which is adjusted by monthly rain gauge data. 3B42RT is released in about 9h after real time and 3B42 in about 10-15 days after the end of each month. The TMPA estimates are produced in four stages; (1) the microwave rainfall estimates are calibrated and combined, (2) infrared rainfall estimates are created using the calibrated microwave rainfall, (3) the microwave and IR estimates are combined, and (4) rain gauge data are incorporated for rescaling to monthly data [8] . The primary input data source is passive microwave data which is collected by a variety LEO satellites, including the Microwave Imager (TMI) on TRMM, Special Sensor Microwave Imager (SSM/I) on Defense Meteorological Satellite Program (DMSP) satellites, Advanced Microwave Scanning RadiometerEarth Observing System (AMSR-E) on Aqua, and the Advanced Microwave Sounding Unit-B (AMSU-B) on the National Oceanic and Atmospheric Administration (NOAA) satellite series. The second major data source for the TMPA is the infrared (IR) data that are being collected by the international constellation of GEO satellites [8] . The TMPA data used in this study was acquired using the GES-DISC Interactive Online Visualization and Analysis Infrastructure (Giovanni) as part of the NASA's Goddard Earth Sciences (GES) Data and Information Services Center (DISC).
The Climate Prediction Center morphing method (CMORPH) product uses IR-based cloud tracking to interpolate between successive rainfall fields derived from passive microwave observations. Motion vectors derived from half-hourly interval geostationary satellite IR imagery to propagate the relatively high quality rainfall estimates derived from passive microwave data. A timeweighted linear interpolation is used to morph the shape and intensity of the rainfall features [9] . The PMW-derived rainfall estimates that are presently used in CMORPH are generated from data obtained from SSM/I, AMSU-B and TMI [9] . The rainfall estimates are available on 0.07277° x 0.07277° spatial resolution over the global 60°S to 60°N in 30 min temporal resolution. The 0.25° x 0.25° and 3-hour resolution version was used in this study. The CMORPH dataset was obtained from the Climate Prediction Center, National Weather Service, NOAA, U.S. Department of Commerce
Data Processing
The TMPA data was exported in ASCII format from the source which was then processed with Notepad++ (version 6.6.9). The accumulated rainfall for the 3-hour 0.25° x 0.25° grids were imported to Microsoft Excel after processing. Daily accumulated rainfall was then computed for each grid for a particular day by summing the 3-hour rainfall from 9am on that day to 9am the next day, this is in accordance with the time span used by GMET in measuring daily rainfall in Ghana. The 0.25° x 0.25° grid map was plotted in together with the rainfall gauge locations. Comparison with gauge stations was done by using the point-to-pixel analysis. Rainfall data observed from selected stations were compared with respective satellite rainfall estimate for the grid within which the station is located. This method was used in a study conducted by [14] in which they validated TMPA, PERSIANN, CMORPH, RFE, GPROF, GSMap-MVK satellite products over four basins in Africa.
The CMORPH 3-hour 0.25° x 0.25° grids were downloaded in netCDF file format. The files for each year were combined into one file by using NCO software (netCDF Operators). The final netCDF files were imported into Microsoft Excel using NetCDF4Excel, an add-in for excel. Daily accumulated rainfall for each grid and comparison was done in the same way as the TMPA data. Summary of the methodology used can be seen in Figure 3 . 
Performance Statistical Methods
To assess how well the satellite rainfall products perform against the rain gauge measured values quantitatively, the following set of performance statistical methods were used: correlation coefficient (r), bias and percent bias (pBias) (Equations 1-3 ). Statistics were calculated for daily, monthly, yearly and seasonal time series.
Where S is the satellite estimated value, G is the rain gauge value and n is the number of samples. The correlation coefficient measures the strength of the linear relationship between the gauge observations and the satellite measurements. The percent bias measures the average tendency of the satellite estimates to be larger or smaller than the average gauge values [15] , positive or negative values indicate overestimation or underestimation bias respectively.
Results and Discussions
Daily Rainfall Analysis
Coefficient of correlation, R and percent bias (% Bias) was computed for the TMPA 3B42, TMPA 3B42-RT and CMORPH products. All the satellite products considered showed a moderate positive linear relationship ranging from 0.31 to 0.58 on a daily time scale (Figure 4 ). Figure 5 shows that, CMORPH relatively has a high tendency of overestimating the rainfall (32-44%). TMPA 3B42 and TMPA 3B42-RT shows maximum of 14.2% and 17% tendency of overestimation respectively which manifested in 6 out of the 7 stations considered. Although the satellite products performed poorly on a daily timescale, a scatter plot of the averaged accumulated daily rainfall from all 7 stations versus the average from the satellite grids as shown in Figure 6 shows a good correlation ranging between 0.72 and 0.76. This shows that the overall daily rainfall in the basin is well represented by all the satellite products. 
Monthly Rainfall Analysis
Coefficient of Correlation (R) was computed for all the 7 selected rain gauge stations. An analysis was carried out to assess if there is any relationship between the elevation of the stations and the computed R for each of the satellite products. This was carried out to assess how the satellite products perform at different locations with respect to elevations. A study conducted by [16] in some basins in Ethiopia revealed that bias in satellite rainfall estimates depended on elevation. Figure 7 shows that there is no clear relation between the correlation coefficient obtained at the stations and the elevations of the stations. The computed R all for all the stations and all satellite products ranged from 0.50 to 0.91 this show a moderate to strong positive linear relationship between the SRFEs and rain gauge values at a monthly time scale. The TMPA 3B42 has a very strong linear relationship with the gauged rainfall with R ranging from 0.70-0.91. TMPA 3B42-RT (0.50-0.79) and CMORPH (0.53-0.72) showed a moderate to strong linear relationship, although the CMORPH tends to mostly overestimate the rainfall at all 7 stations. Scatter plots showing the correlation between averaged accumulated monthly rainfall for the satellite and gauge data from all 7 stations which represents the overall rainfall estimation for the basin as shown in Figure 8 shows a very good performance for all satellite products. However, the high tendency of overestimation of rainfall by the CMORPH also manifested here in which it overestimated the rainfall in 42 months out of the total 72. A plot of the average monthly error bias for all the 7 stations was carried out to see the extent of overestimation or underestimation of the rainfall by the SRFEs (Figure 9 ). Figure 9 shows that, the total number of months for which rainfall was overestimated by the satellite products far exceeds that of the underestimation. On the average, the TMPA 3B42 and 3B42-RT shows an overestimation of 5.09mm and 4.94mm respectively whiles the CMORPH grossly overestimates the rainfall at a bias of 40.25mm. This shows that, on the average all the satellites products considered in this study overestimates rainfall in the basin on a monthly time scale. The overall average monthly rainfall is well represented by the TMPA 3B42 as seen in Figure  10a . This is closely followed by the TMPA 3B42-RT (Figure 10b ), but the CMORPH completely overestimates the monthly average rainfall except in the months of July and August where an underestimation is seen Figure 10c . 
Annual Rainfall Analysis
The average annual rainfall and bias ratio for each year was computed to see how the annual rainfall estimated by the SRFEs compares with the gauge data. Table 3 shows the results of these computations. The TMPA 3B24 mostly overestimated the annual rainfall. It had a maximum overestimation of 12.47% and a minimum of 3.5%. It has a mean of 8.23% overestimation. On the underestimation side, it showed a maximum of 4.25% in the year 2006 and a minimum of 0.1% in 2007. The TMPA 3B42 has a more likelihood of overestimating the annual rainfall. The TMPA 3B42-RT also showed a similar trend, maximum of 30.66% overestimation and a minimum of 1.78%. It has a mean of 22% overestimation. It showed an underestimation only in the year 2005 with a value of 2.03%. CMORPH hugely overestimates the annual rainfall with no underestimation. It showed a maximum of 66.9% and a minimum of 35.99% with a mean of 53.10%.
Seasonal Rainfall Analysis
The basin falls within the southern sector of Ghana which have two wet seasons: the major season from March to July, and a minor season from September to November. A total of 24 out of 72 months analyzed for each station were in the dry season whereas the remaining 48 were in the wet season. All the satellite based products were able to depict the bimodal rainfall pattern within the basin as shown in Figure 11 , although CMOPRH was seen to hugely overestimate the rainfall in the major wet season. With the assumption that overestimation or underestimation within 0-10mm bias is acceptable, computation of the number of months of bias falling within different bias ranges was computed. Percentage of months falling within the acceptable ±10mm was plotted for each season and for each station as shown in Figure 12 . All the SRFEs were seen to perform better in the dry season (4 -54%) relative to the wet seasons (2 -27%). The overall performance of the SRFEs for the whole catchment as shown in Figure 13 shows that all the SRFEs are seasonally biased. They relatively perform better in the dry season compared to the rainy season. 
Conclusions
Comparison of satellite products with gauge data showed that all the satellite products performed poorly on a daily time scale. On a monthly timescale, the computed correlation coefficient ranges between 0.5-0.91. This shows a moderate to strong positive linear relationship between satellite products and gauge data. Despite the positive correlation, the CMORPH mostly overestimated the rainfall on all time scales. Seasonal analysis of the products also showed the bias in the estimation. All the products performed well in the dry season compared to the wet season. On the overall, the TMPA 3B42 was seen to be the best product closely followed by the TMPA 3B42-RT. The CMORPH is not recommended for use in the basin. The good performance of the TMPA 3B42 can be attributed to the adjustment of the estimates using monthly rain gauge data. The poor performance of the CMORPH can be attributed to the fact that its estimates are based entirely on infrared sensors as compared to the TMPA products which are estimate from a combination of both infrared and microwave sensors. The microwave sensors have more direct and physical inference of rainfall. Overall, the TMPA products can be used in other ungauged basins with similar characteristics as the Pra basin.
